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Abstract 
The assessment of CO2 storage sites is similar in many ways to reservoir characterisation in the oil industry: an integrated 
team of geoscientists and engineers is required to collect and analyse data, generate models and perform flow simulations in 
order to make predictions.  The main difference, in the case of storage in saline aquifers, is that there is usually less geological 
and petrophysical data available.  It is therefore useful to know if storage assessments will be adversely affected by this lack of 
data. 
The CASSEM project (CO2 Aquifer Storage Site Evaluation and Monitoring), was initiated in 2008 to address this issue by 
studying two analogue storage sites in the UK.  Although CO2 storage may not be undertaken at these sites, similar formations 
off-shore will likely be used for CO2 storage in the future.  The two sites were modelled at three levels, proceeding from simple 
models based on little data to more complex models using more detailed geological data and simulating geomechanical and 
geochemical processes.  The results of each level of modelling were compared in order to measure the effect of increasing model 
complexity.  
The conclusions from this work are that, in order to model CO2 storage accurately, a significant amount of geological 
information is required and that an integrated approach to reservoir characterisation for CO2 storage is very important.  It is also 
very important to consider the geomechanical effects, both during the injection period and for several decades after injection has 
ceased. 
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
Deep saline aquifers have the potential to store large quantities of CO2.  In fact, the total capacity may be up to  
an order of magnitude greater than the storage capacity of oil and gas reservoirs (IPCC, 2005) [1].  However, there 
is much less data available for saline aquifers compared to hydrocarbon reservoirs.  Moreover, the collection of 
adequate data from seismic surveys, well logs and cores could be prohibitively expensive for a CO2 storage project, 
especially for storage offshore.   It is therefore vital to be able to assess the value of data in terms of how it may 
impact assessment of storage potential. 
c⃝ 2011 Publish d by Elsevier Ltd.
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The CASSEM Project (CO2 Aquifer Storage Site Assessment Evaluation and Monitoring) was set up to develop 
methodologies and workflows for evaluating CO2 storage sites.  The project included a wide range of topics, from 
capture and transport to risk and uncertainty, and public perception.  This paper focuses on the numerical 
simulations of fluid flow in aquifer models.  Although CO2 storage in the UK will likely be off-shore, CASSEM 
selected two hypothetical near-shore storage sites for appraisal.  By studying these sites, we used available data to 
generate models and developed an integrated methodology for characterising CO2 storage sites.  In addition, by 
studying a range of models and physical processes, we could identify which types of data are important and which 
are the key processes to model. 
2. Analogue Storage Sites 
The two selected sites had contrasting structures.  The geology of the first site, A, was relatively simple, 
consisting of gently dipping sedimentary layers.  There were a few faults, with small off-sets.  However, the second 
site, B, was much more complex, with a number of anticlines and synclines and several faults with large throws (in 
the original interpretation of the seismic).  The second site was much deeper than the first.  
Site A was in the east of England, and the target aquifer was the Sherwood Sandstone Group (SSG).  This 
formation had high permeability and porosity (average values of approximately 500 mD and 0.2, respectively).  It 
had a thickness of approximately 300 m, and dipped at a low angle to the east.  The depth at the injection point was 
approximately 1200 m.  The caprock was the Mercia Mudstone Group (MMG), and the aquifer was underlain by the 
Roxby Formation (ROX).  A full geological description of this site is given in Ford et al., (2009) [2]. 
Site B was in the east of Scotland.  The target aquifer was comprised of the Kinnesswood and Knox Pulpit 
Formations (KNW and KPF).  These had much lower average permeability and porosity than Site A  (approximately 
12 mD and 0.12, respectively).  As mentioned above the structure was much more complex and the aquifer was 
much deeper than Site A (2000 m).  The caprock was the Ballagan (BGN) formation and the underlying formation 
was the Glenvale Formation (GEF).  Monaghan et al. (2009) [3] give a detailed geological description of this site. 
3. Modelling Approach 
One of the aims of the CASSEM Project was to assess the usefulness of geological and petrophysical information 
for the prediction of behaviour of CO2 injected into an aquifer.  In order to do this, we performed the modelling and 
simulation at three levels, starting with simple models based on existing geological and petrophysical data and 
proceeding to more complex models using newly developed geological models and laboratory measurements. 
The Level 1 model was created using surfaces from existing BGS databases and scant porosity and permeability 
data.  Salinity, geochemical and geomechanical effects were ignored.  For Level 2, existing seismic and borehole 
data was used to generate more detailed surfaces between the formations.  More information on the porosity and 
permeability from borehole and cores was incorporated, and 3D geological models were constructed.  The models 
were then populated stochastically with petrophysical properties (porosity and permeability) from borehole data 
(wireline logs and core plug measurements).  These models were created jointly by engineers and geologists in order 
to ensure that the geological data was honoured and that the grids were suitable for fluid flow simulation.  At this 
level, geomechanical and geochemical effects were also considered, although only generic input data were used.  
For Level 3, the seismic data at site B was reprocessed [4] and a new model was created.  Also, results of 
geomechanical experiments  and relative permeability measurements were incorporated into the Level 3 model.  
Table 1 lists the properties of each model and Figure 1 illustrates the models which were created for the two sites.  
The Level 1 model for Site B was just a simple rectangular box, due to lack of existing data, so we do not show it 
here. 
4. Fluid Flow Simulations 
The reservoir simulations were performed using the Schlumberger Eclipse 300 reservoir simulation package, 
with the CO2STORE module which was developed for simulating CO2 injection into saline aquifers [5].  Using this 
module, we could simulate the buoyant rise of CO2 in the aquifer, trapping under a caprock, dissolution of CO2 in 
brine and residual trapping.  The basic simulations did not take account of any geomechanical or geochemical 
effects. 
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We injected supercritical CO2 at the rate of 15 Mt/year for 15 years.  In the Level 1 and 2 models, a single 
vertical well was used, but for Level 3 we used 15 wells, each injecting 1 Mt/year, because this  is a more practical 
injection rate.  In Site A, we used vertical wells, completed in the bottom 4 layers of the aquifer.  However,  in the 
Level 3 model for Site B, horizontal wells were used because of the low injectivity of that model.   The horizontal 
wells were completed in the bottom layer of the aquifer.  The maximum allowed pressure was assumed to be 1.5 
times the initial pressure, and if the pressure in a well reached this limit, the injection rate was reduced to ensure that 
the limit was not exceeded.  After 15 years, the wells were shut in, and the simulations were continued for several 
thousand years.   
 
Table 1 Properties of the three levels of models for Site A (top) and Site B (bottom).  Note that, since the 
permeability distributions were log-normal, we give the geometric average of the permeability. 
Site A 
Features Level 1 Level 2 Level 3 
Model Area (km x km) 105 x 90 30 x 43.2 30 x 43.2 
Model thickness (m) 600 600 600 
Grid block size in horizontal 
(m) 
500 450 450 
Range of grid block sizes in 
vertical (m) 
1.0~160 0.032~200 0.032~200 
Average porosity 
     Aquifer 0.2 0.215 0.215 
     Caprock 0.1 0.1 0.1 
Average permeability (mD) 
     Aquifer 500 500 500 
     Caprock - 0.005 0.005 
Ratio of vertical to 
horizontal permeability 
1 0.1 0.1 
 
Site B 
Features Level 1 Level 2 Level 3 
Model Area (km x km) 10 x 10 20 x 19 17.6 x 15.8 
Model thickness (m) 200 1000 1000 
Grid block size in horizontal 
(m) 
50 - 200 200 200 
Range of grid block sizes in 
vertical (m) 
5-80 3 - 200 0.043~570.0 
Average Porosity 
     Aquifer 0.2 0.12~0.15 0.12~0.15 
     Caprock - 0.07 0.07 
Average Permeability (mD) 
     Aquifer 50 51.6~73.1 12.6 
     Caprock - 0.007 0.005 
Ratio of vertical to 
horizontal permeability 
1 0.1 0.1 
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Figure 1 The geological models.  The colours indicate the different formations, and the wells locations are marked 
for models with single wells.  (The Level 1, Site A model did not contain the formation boundaries.) 
5. Results 
5.1 Storage Efficiency 
Engineers often estimate the storage efficiency of an aquifer.  This is defined as the volume of CO2 stored 
divided by the total pore volume.  Jin et al (2010) [6] compared various estimates of storage efficiency using the 
Level 2 models.  Here we focus on the storage efficiencies from the numerical models.  If CO2 is injected until the 
maximum pressure is reached in the reservoir (assumed here to be 1.5 times the initial pressure), the maximum 
storage efficiency is obtained.  However, in many simulations the limit was not reached, and we refer to this as the 
actual storage efficiency.  After injecting CO2 at the rate of 15 Mt/year into model A, we calculated that the actual 
storage efficiency was 0.27% for both the Level 2 and Level 3 models.  The maximum storage efficiency at this site 
was 1%, after injecting CO2 at a constant rate for 50 years.  In Site B, the actual storage efficiency was similar in the 
Level 2 model.  On the other hand the maximum efficiency was larger, being 2.75% after 155 years.  The increase is 
because this model was at a greater depth and therefore at higher pressure, so a larger increase in pressure occurred 
before reaching the limit of 1.5 times the initial pressure.  In the Level 3 model for Site B the actual storage 
efficiency was reduced by a factor of 0.7 as a result of the  lower permeability. 
 
5.2 Migration of CO2 
Figure 2 illustrates the distribution of supercritical CO2 after 1000 years, in all the models.  In the diagrams, the 
caprock is not shown, so that the distance migrated by the CO2 can be seen clearly.  The Level 1 model for Site B 
was a homogeneous cuboid and cannot be compared directly with the other models.  However, it is included here for 
completeness.  Both Level 1 models had smooth top surfaces, and so the CO2 spread in a uniform manner in these 
models.  The plume was elongated in the up-dip direction at site A.  In the Level 2 simulations of both sites, the CO2 
migration was influenced strongly by the topography of the top of the aquifer formation.  In Site A, the fault 
transmissibility and well location had a slight effect.  For site B, where the model was more complex, the well 
location had a large effect on the migration of free CO2 and also on the path taken by the CO2 dissolved in brine as it 
sank due to density effects.  These simulations demonstrate how important the detailed geological model is, because 
these effects were not detected in the Level 1 models. 
In the Level 3 simulations, the CO2 distribution was also affected by the topography of the top of the aquifer to a 
certain extent, but less than in Level 2, because we used 15 wells.  Also, less CO2 was injected through each well, 
and therefore the distance the CO2 migrated from each well was less.  (The same total amount was injected into each 
aquifer.)  In the site A model, the concentrations of CO2 can clearly be seen around the 15 injection points.  
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However, in the Site B model, where we used horizontal wells, much less CO2 migrated to the top of the aquifer, 
and the diagram in Figure 2 (bottom right) shows that there are only a few small accumulations of CO2 at high 
points at the top of the aquifer. Note, though, that these simulations may underestimate the distance migrated by the 
CO2.  It is well known that a coarse grid will overestimate the amount of CO2 dissolved and underestimate the 
amount of free CO2, due to numerical dispersion (e.g. [7] and [8]). 
Another difference between the Level 2 and 3 models was that we used laboratory data for Level 3.  This 
included the relative permeabilities and results from the geomechanical tests such as the rock compressibility and 
the effect of stress on permeability.  In addition, after examining the laboratory permeability measurements from a 
borehole near Site B we decided to lower the average permeability in this model.  In order to evaluate which change 
had most effect, we modified the models from Level 2 and Level 3 in stages. 
In the Site A model, the use of the laboratory relative permeabilities had a significant impact on injectivity and 
CO2 migration.  The laboratory  relative permeability for CO2 was much lower than the curve which was used 
previously.  The CO2 was therefore less mobile, leading to a larger pressure build up around the wells, a higher CO2 
saturation near the wells, and an increase in the proportion of mobile supercritical CO2. 
 
Figure 2 Distribution of supercritical CO2 at sites A and B, 1000 years after injection ceased, for the three levels.  
Warmer colours indicate higher CO2 concentrations.  The Level 1 model for site B is only 5 km across.  
Figure 1 shows sizes of the other models.  Black dots show well locations in the single-well models. 
 
In the Site B model, the different structure of the new model gave rise to different CO2 migration paths, but this 
did not have the largest effect.  The largest change in this model was brought about by the lowering of the average 
permeability in the model.  The pressure in some wells built up to the limit (1.5 times the initial pressure) and the 
rate had to be reduced so that the pressure did not exceed the limit.  This lowered the total amount of CO2 which 
could be injected over the 15 year period.  The use of laboratory relative permeabilities further increased the build-
up of pressure at the wells. 
 
5.3 Dissolution and Residual Trapping of CO2 
We compared the percentages of CO2 which dissolved in brine or which remained in a supercritical phase in 
either a mobile or immobile state.  Since the Level 1 models used pure water instead of brine, we ignore the results 
here.  (CO2 is more soluble in fresh water.)   Figure 3 illustrates the differences between the Level 2 and 3 models. 
At the end of injection in the Site A model (15 years), there was more mobile and less immobile CO2 in the Level 
3 model compared to the Level 2 model.  This is because there was a lower immobile gas saturation in the Level 3 
model.  There was more dissolution in the Level 3 model at this stage, because injecting through 15 wells gave more 
contact between the CO2 and the brine.  After 5000 years, there was more immobile CO2 in the Level 3 model due to 
the hysteresis in the laboratory curves.  There was slightly less dissolution over time because of the lower mobility 
of CO2 in the Level 3 model which meant that the CO2 migrated less far.  In the Site B model, there was less mobile 
CO2 at all times in the Level 3 model.  This is because the use of horizontal wells spread the plumes, encouraging 
more dissolution and residual trapping.  There was less dissolution in the Site B models than in the Site A ones, 
because Site B was deeper and more saline, which reduced the solubility of CO2.  (The greater depth of Site B meant 
Site A
Site B
Level 1 Level 2 Level 3
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that the pressure was greater, and this tended to increase solubility.  However, the increasing salinity had a greater 
effect.)  
 
5.4 Sensitivity to Stochastic Variation 
The models used for the flow simulations contained stochastic permeability and porosity distributions, based on 
statistics (average and standard deviation) from borehole data.  Since the petrophysical properties in the models are 
very uncertain, we generated two more realisations of the porosity and permeability distributions.  In the Site A 
model, the use of different realisations of the porosity and permeability had a negligible effect, because overall, the 
injectivity in the  model was good (due to high average permeability).  There was a significant effect on the average 
pressure in the wells, which varied over a range of 2MPa (20 bar), and there were minor changes in the proportions 
of CO2 dissolved and trapped by residual trapping. 
The use of different realisations in the geological model had a very significant effect on the Site B model.  This 
was due to the low average permeability in the model.  Wells situated in regions where the permeability was lower 
than average reached the maximum pressure, and so the injection rate was reduced.  Therefore, in different 
realisations the wells behaved differently and the CO2 distribution changed.  These findings illustrate that is it 
important to have a detailed knowledge of the permeability in an aquifer, so that wells are not placed in poor quality 
regions with low injectivity. 
 
Figure 3 Comparison of the percentages of CO2 dissolved and in a mobile or immobile supercritical phase in the 
Level 2 and 3 models at different times since the start of the simulation.  Top: Site A and bottom: Site B.
6. Coupled Geomechanical and Flow Simulations 
When CO2 is injected, it will be forced into pores at a higher pressure than the surrounding rock.  This causes 
changes to the stress state of the rock mass which could lead to deformation and possible failure of the aquifer 
and/or caprock.  Pre-existing fractures or faults may be opened up or new fractures or faults created, potentially 
providing conduits for leakage.  The conditions under which this may happen are site specific and depend on the 
injection pressure, the geomechanical properties of the host formation and the in situ stress regime. 
To assess the geomechanical effects of CO2 injection, we performed coupled geomechanical and flow 
simulations of the Level 2 and Level 3 models.  These simulations were carried out using ECLIPSE 300 and the 
VISAGE software.  Typical rock mechanical properties were assigned to the Level 2 models, but the Level 3 models 
used measurements (Young's modulus, Poisson's Ratio, the cohesion and the angle of internal friction - e.g. [9], 
[10]) from core samples in or near the two sites.  The results of the simulations indicated firstly where the rocks 
were close to failure (proximity to Mohr failure envelope), and secondly the potential for fault or fracture 
reactivation through shear slip.  It was assumed that shear slip would be induced when the maximum effective 
Level 2 Level 3
Site A
Site B
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stress, 1, exceeded three times the minimum effective stress, 3.  Figure 4 shows an example of the results for the 
slip calculation for the Level 3 model for Site B.  "Slip potential factor" mentioned in the legend of the diagram is 
the ratio 1/33, which is equal to 1 at failure.  In Figure 4, the wells are not shown for clarity.  There were 16 
vertical wells in this case, completed throughout the formation, and they were arranged in a circular cluster in the 
centre of the model.  The calculations show that the middle layer of the caprock is at failure at the end of injection.   
Further results of the geomechanical simulations indicated that there is potential for failure even after the 
injection has ceased, due to equilibration of pressure in the aquifer/caprock system.  Since the geomechanical 
properties are directly related to porosity, the areas where failure is likely to occur are regions of relatively high 
porosity.  Thus an area of uncertainty in CO2 storage has been identified, because a detailed distribution of the 
porosity is unlikely to be available. 
7. Coupled Geochemical and Flow Simulations 
Simulations of geochemical reactions coupled with flow were also performed.  These simulations were carried 
out using the GEM-GHG software.  Sixteen components were simulated and ten reactions were considered.  The 
results show that illite and calcite dissolved and kaolinite, dolomite and K-feldspar precipitated.  After 500 years, 
about 5% of the injected CO2 had precipitated as minerals, and there was more dissolved CO2 and less free CO2 than 
in the case with no geochemical reactions.  Thus the geochemical effects enhanced long term storage security. 
8. Conclusions 
In the CASSEM Project, we decided from the outset that the modelling was going to be performed in three 
stages, or levels.  This has proved to be a very successful way of building up models for assessing CO2 storage.  
Initially there was little data, and our Level 1 models were simplistic.  However, they were useful for carrying out 
some basic sensitivity studies - e.g. comparing the effect of aquifer size.  At Level 2, when we had custom built 
geological models, the results showed that the migration of CO2 can be strongly affected by geological 
heterogeneity and the topography of the top of the aquifer.  Therefore to  make realistic estimates of CO2 migration, 
this type of geological information is required.  At Level 3, the use of laboratory data was also shown to be very 
important.  Firstly, due to the low permeabilities of all the samples from Site B, we lowered the average 
permeability of the model, and this significantly reduced the injectivity of the model.  Secondly, the laboratory 
measurements of relative permeability were significantly different from the Brooks-Corey [11] ones used in Levels 
2 and 3.  
To a certain extent, the Level 2 models were adequate for assessing the CO2 storage efficiency.  There was little 
change in the actual storage efficiency (as opposed to maximum storage efficiency) between Levels 2 and 3 in Site 
A.  In Site B, however, because of the lowering of the permeability, the storage efficiency decreased to 70% of the 
Level 2 value.  Also, when assessing the amount of CO2 dissolution in brine and the residual trapping, the Level 2 
models are probably adequate.  There were small changes in the proportions of CO2 in the Level 2 and 3 models.  
However, in both cases, the grids were coarse and these values are likely to change if finer cells were used around 
the wells. 
Despite the fact that three stages of modelling were used here, there is still much uncertainty in the models, and 
before CO2 can be stored securely, much more data is required. 
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Figure 4 Example of results from the coupled geomechanical and flow simulations for Site B.  The colours indicate 
the potential for slippage along existing fault planes.  (See text for more details.) 
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